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Quantum entanglement between distant qubits is an important feature of quantum networks.
Distribution of entanglement over long distances can be enabled through coherently interfacing
qubit pairs via photonic channels. Here, we report the realization of optically generated quantum
entanglement between electron spin qubits confined in two distant semiconductor quantum dots.
The protocol relies on spin-photon entanglement in the trionic Λ-system and quantum erasure of
the Raman-photon path information. The measurement of a single Raman photon is used to project
the spin qubits into a joint quantum state with an interferometrically stabilized and tunable relative
phase. We report an average Bell-state fidelity for |ψ(+)〉 and |ψ(−)〉 states of 61.6 ± 2.3% and a
record-high entanglement generation rate of 7.3 kHz between distant qubits.
The refutation of local realism in favor of a nonlocal
quantum theory [1, 2] has been supported by a num-
ber of decisive experiments using entangled pairs of pho-
tons [3, 4], atoms [5, 6] and solid-state systems [7, 8].
While photonic links are essential to close loopholes in
Bell tests by removing the requirement of spatial prox-
imity for entanglement creation, they also permit flexi-
ble arrangements in which distant systems with a spin-
photon interface can be entangled. The emergence of
entanglement as a central resource in quantum sensing,
communication and computation [9] benefits from this
flexibility, where matter qubits coherently coupled to
well-defined optical modes provide the elementary con-
stituents of a distributed quantum network [10]. Accord-
ingly, the creation of entangled states between distant
qubits has received intense experimental attention in a
number of physical systems [6, 11–16]. The operation
rate of any quantum network would ultimately depend
upon the strength of the light-matter coupling between
stationary and flying qubits. In this regard, indium-
gallium-arsenide (InGaAs) quantum dots (QDs) feature
a particularly high oscillator strength of the spin-photon
interface with the potential for high rates of entangle-
ment distribution [17]. Matter qubits can be realized
using confined electrons [18], heavy holes [19] or dark ex-
citons [20] in these systems. While quantum correlations
have been observed between distant heavy hole spins [15],
it is the electron that offers the longest coherence time
in this system to-date [21–23].
In this Letter, we present optical generation of
nonlocal quantum-entangled states between two distant
nodes formed by electron spins confined in separate
QDs. Through a single-photon state projection protocol
[24] and the bright, narrow-linewidth emission available
from QDs [25] we realize an entanglement generation
rate of 7.3 kHz, the highest rate to-date. Further, with
full control over the single-photon interference, we create
remote entangled states with arbitrary phase. Prior to
this point, phase control of the generated entangled state
had only been demonstrated for atomic nodes located in
the same trap [13]. Together with local gate operation
times of a few picoseconds [18], microsecond-long spin
coherence [21–23] and the current state-of-the-art for
on-chip integration [17, 26], this work represents progress
towards small-scale, on-chip quantum networks with
high bandwidth operation.
The entanglement scheme we employ was proposed by
Cabrillo et al. [24], which relies on weak, phase-coherent
excitation of two Λ-systems and the subsequent detec-
tion of a single state-projecting Raman photon [13, 15].
First, the Λ-systems (with spin-1/2 ground states |↑i〉
and |↓i〉) are excited from the state |↓i〉, resulting in a
Raman scattering process with total amplitude
√
p  1
set by the excitation pulse area and the excited state
branching ratio. This process entangles the ground state
of each system with the occupation of the Raman-photon
mode [27–29]. Overlapping the Raman modes on a 50:50
beam splitter erases the which-path information, such
that the total entangled spin-photon state is given by:
|Ψ〉 = (1− p) |↓A↓B〉 |0102〉
+
√
p(1− p)/2 (eiφA |↑A↓B〉+ eiφB |↓A↑B〉) |1102〉
+
√
p(1− p)/2 (eiφA |↑A↓B〉 − eiφB |↓A↑B〉) |0112〉
+ p/
√
2ei(φA+φB) |↑A↑B〉 (|2102〉 − |0122〉) . (1)
Here, the indices in the photonic number states designate
the beam splitter output mode (1 or 2). φA (φB) is the
optical phase accumulated along the path going through
system A (system B). The state is sorted according to
zero, one and two-photon components.
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FIG. 1. (Color online) Experimental setup and sequence
for detecting entanglement between distant spin qubits. (a)
Sketch of the optical interferometer with the QD nodes. Opti-
cal pulses, labeled entanglement, read-out and initialization,
and spin control, are used together with a continuous-wave
phase reference laser. Active phase stabilization utilizes a
retroreflector on a piezo stack and a phase electro-optic mod-
ulator. (b) Entanglement verification sequence. The spins
are initialized in the |↓A↓B〉 state. The entanglement cre-
ation pulse is followed by coherent rotations of both qubits
when measuring in an arbitrary basis. Further pi rotations of
the qubits are added to cycle through the four two-spin com-
binations in a given basis. Resonant excitation of the blue
transition is used for spin read-out.
Detection of a one-photon contribution projects
the qubits into the maximally entangled state(|↑A↓B〉 ± ei∆φ |↓A↑B〉) /√2 with the sign depend-
ing on the output port that registers the photon and
∆φ = φB − φA. For ∆φ = 0 these states correspond
to the Bell states |ψ(±)〉. With a probability of p2
both qubits undergo a spin-flip process, resulting in
a two-photon state after the beam splitter. Without
number-resolving detectors, and in the presence of op-
tical losses, we cannot distinguish this component from
the single-photon states, setting an intrinsic error in the
Bell state generation of p. Optimal operation requires
a compromise between this error and the probabilistic
entangled-state generation rate, 2p(1− p).
The experimental realization of this protocol is
introduced in Fig. 1. Single electrons confined in two
InGaAs QDs, QDA and QDB, located approximately 2
meters apart in separate cryostats provide the stationary
nodes. 4-T magnetic field applied perpendicular to the
QD growth axis lifts the spin degeneracy of the ground
and excited states within each node. The 25-GHz-split
electron spin ground states, together with one of the
two excited states form a Λ system [Fig. 1(a)]. The
two optical transitions, at 968 nm in our case, are
distinguished by their frequency; the lower-energy and
higher-energy transitions are denoted red and blue,
respectively. The entangled state phase, ∆φ, is defined
by the general architecture of our setup: a Mach-Zehnder
Interferometer (MZI), where the mirrors in the two arms
are replaced by the two QDs [Fig. 1(a)].
The measurement sequence is illustrated in Fig. 1(b).
Both spins are optically prepared in the spin down state
with ≈ 97% fidelity. We apply a 160-ps long pulse to
the red transition of each QD to generate the state-
projecting Raman photon. The state-change probability,
p, is set to 7% in order to suppress the error in the
entangled state due to simultaneous spin-flip events.
Having detected a Raman photon [photon 1 in Fig.
1(b)], the state is reconstructed from spin correlations
in different measurement bases [photons 2 and 3 in Fig.
1(b)]. We combine local spin-rotation with read-out
of the spin-up state to reconstruct the population of
{|↓A↓B〉, |↓A↑B〉, |↑A↓B〉, |↑A↑B〉} in four iterations of the
sequence. The read-out of each QD is performed with
8-ns long pulses resonant with the blue transition. An
optional coherent rotation of both electron spins allows
correlations to be measured in a rotated basis. These
rotations occur within the inhomogeneous dephasing
time (T ∗2 ) of ∼ 1.2 ns after the entanglement pulse during
which the phase of the two-spin state is preserved [23, 30].
Spin initialization, entanglement and read-out pulses
are derived from frequency-stabilized single-mode lasers
using fiber-based electro-optic intensity modulators.
Local spin rotations are performed optically [18] using
1-THz red-detuned pulses picked from a mode-locked
Ti:Sa laser with acousto-optic modulators. The experi-
ment has a sequence length of 78.9 ns and a repetition
rate of 10.9 MHz [31], clocked by the Ti:Sa laser. We
use a far-off resonance laser to monitor the phase of the
MZI continuously. Electro-optic phase modulation and
piezo-based compensation [fast and slow φ control in
Fig. 1(a)] allow us to actively stabilize to ≈ 3 degrees
over a DC−1.5 kHz range. The working point of the
MZI and the timing of the spin rotations are arranged
such that we can determine a priori the phase of the en-
tangled state by monitoring the interference of coherent
Rayleigh scattering from the two emitters [31]. Gratings
and Fabry-Pe´rot filters are used to separate the phase-
reference laser, and the red and blue QD fluorescence
onto 6 single-photon detectors. A time-to-digital con-
verter time-tags photon detection events for analysis [31].
Projecting a well-defined entangled state with a
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FIG. 2. (Color online) Overlap of the optical and spin proper-
ties. (a) Ramsey interference fringes for both QDs (the data
and curves have been offset for clarity). Sinusoidal fits to the
data show electron spin splittings of 2pi × 25.2± 0.1 GHz for
QDA and 2pi × 25.1 ± 0.1 GHz for QDB. (b) Two-photon
correlation measurements of the Raman emission generated
by the entanglement pulse for each QD, with 0.78% average
background. (c) Radiative decay measurements of the Ra-
man transitions (offset for clarity). (d) Raman two photon
indistinguishability measurement with the same count rate
from each QD. The five peaks closest to zero-time delay are
displayed; the indistinguishability is 93± 1%.
stationary relative phase requires identical Λ-systems
for the two QDs [32]. First, we evaluate the ground
state energy splitting using Ramsey interferometry [Fig.
2(a)] and adjust the Zeeman energy of the spin qubits
by fine-tuning the external magnetic fields around 4
T. The spin precession frequencies are closely matched
at around 2pi × 25.1 GHz, ensuring that the phase ∆φ
is stationary in the laboratory frame. Under these
conditions the Zeeman energy far exceeds the optical
linewidth and each QD acts as a photon turnstile,
whereby a Raman scattering process shelves the electron
spin, preventing subsequent excitation. Figure 2(b)
displays the second-order autocorrelation measurements
of the Raman scattering from each QD following the
entanglement pulse. The anti-bunching is limited in our
case by laser background, which contributes 1 in 150
events on average, consistent with the single two-photon
event recorded at zero time delay. In parallel, we must
consider the optical mode matching between the two
QDs. Figure 2(c) shows very similar excited state
lifetimes: 727 ± 10 ps (742 ± 10 ps) for QDA (QDB),
guaranteeing photon-wavepacket overlap in time, while a
static electric field applied across each sample is used to
overlap the photons spectrally via the Stark effect. Our
setup filters the phonon-assisted emission (≈ 10%) that
occurs outside of a well-defined frequency mode [33, 34].
We implement a Hong-Ou-Mandel experiment [35, 36]
to quantify the quality of the quantum erasure process
by cross-correlating the Raman photons in the two
beam splitter outputs following the entanglement pulse.
The central five peaks of the correlation are shown in
Fig. 2(d). The small number of coincidences in the
central peak is the signature of photon coalescence owing
to indistinguishability of the input modes revealing a
two-photon interference visibility of 93 ± 1%. Imperfect
optical elements account for a 4%-reduction of the visi-
bility in our setup. We only consider photons within a
1.2-ns window from the start of the entanglement pulse,
limiting the effect of inhomogeneous spin dephasing on
Raman photon distinguishability [37], with the outcome
that we reject 42% of the emission events.
In Fig. 3 we reconstruct the projected two-spin state
from the correlation of three-photon coincidence events.
We first measure the state in the population basis,
parallel to the external magnetic field [Fig. 3 (a)]. We
find that the detection of a Raman photon predicts an
antisymmetric spin population with a probability of
85.7 ± 3.8%. The uncertainty is set by the shot noise of
the 603 three-photon events that contribute to the data
in Fig. 3(a). The presence of population in the |↑A↑B〉
state is intrinsic to the entanglement generation scheme,
and follows the spin-flip probability p. Events in the
|↓A↓B〉 state mainly result from imperfect spin rotation
prior to the population read-out [31] as well as read-out
laser leakage. Additional rotations in our pulse sequence
[Fig. 1(b)] transfer the phase of the entangled state into
correlated spin populations. We stabilize the Raman
mode at either ∆φ = 0 or ∆φ = pi to obtain maximum
contrast in our state tomography. Figure 3(b,c) shows
correlation measurements in this transverse basis. For
∆φ = 0, Raman-photon detection in output mode 1
generates the |ψ(+)〉 state, while detection in mode 2
generates |ψ(−)〉. When the Raman mode is stabilized
at ∆φ = pi, output mode 1(2) heralds the creation of
|ψ(−)〉(|ψ(+)〉). In Fig. 3(b,c) the coincidence events are
displayed accordingly, with panel b corresponding to
projection of |ψ(+)〉 and panel c to |ψ(−)〉.
In the rotated basis, the pi phase-shift between the
states generated at opposite output ports is apparent
from the correlation histograms, revealing visibilities
of 39.5 ± 3.8% for |ψ(+)〉 [Fig. 3(b)] and 35.1 ± 3.8%
for |ψ(−)〉 [Fig. 3(c)]. Owing to the rapid phase
evolution of all but a subset of spin coherences in
the density matrix [31], we can directly estimate the
Bell-state fidelity from combining these visibilities with
our population measurement. Overall, we find that a
photon detection heralds either the |ψ(+)〉 or |ψ(−)〉
state with an average of 61.6 ± 2.3% fidelity. For these
results the non-classicality of the state is confirmed
to 5 standard deviations of the mean. The measured
fidelity can be understood by taking into account the
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FIG. 3. (Color online) Joint spin-state reconstruction through
3-photon coincidence events. (a) Joint spin state population
conditional on a single Raman photon detection event. An
antisymmetric population is retrieved with a probability of
85.7 ± 3.8%. The error bars represent the statistical un-
certainty drawn from the 603 three-photon events that were
used to reconstruct the population. (b,c) Spin correlations
in the transverse basis for projection of |ψ(+)〉 (b) or |ψ(−)〉
(c). (d) Visibility in the transverse basis for varying opti-
cal phase between the interfering paths. A positive visibility
corresponds to a correlated phase, and negative to an anti-
correlated phase. The curves are sinusoidal fits to the data.
(e) Normalized coincidence events for a Raman photon de-
tected on beam splitter output 1 (red histograms) or output
2 (blue histograms) for five different set points of the inter-
ferometer phase.
contributions of the double spin flip rate (limiting the
fidelity to 93%), the imperfect mode overlap (a further
reduction of 4%), the spin-state dephasing (a visibility
reduction of 13%), and the imperfect spin preparation
and read-out (3% and 6%, respectively) [31]. The
combination of these factors predict a fidelity of 76%.
The remaining source for our observed reduction below
this value is electrical noise in each QD sample [38, 39],
which alters the relative phase of the two optical exci-
tations, and in turn, the phase of the entangled state [31].
In Fig. 3(d,e) we demonstrate direct control over the
generated two-electron spin state. Figure 3(d) shows the
extracted visibilities from transverse basis measurements
for five different values of the entangled-state phase.
The visibilities are drawn from the relative coincidence
rates displayed in Fig. 3(e). We observe a sinusoidal
variation in the visibility of the phase-basis correlations
as the MZI phase ∆φ is tuned from 0 to pi. The results
are partitioned according to the interferometer output
that registers the Raman photon. For ∆φ = 0 the first
(second) output projects the spins to |ψ(+)〉 (|ψ(−)〉),
resulting in correlated (anti-correlated) population in the
transverse measurement. As we move to ∆φ = pi/2, we
project to |ψ(+) ± ψ(−)〉 which do not exhibit transverse
spin-spin correlations. At ∆φ = pi, the relationships
between the detection modes and the spin states are
swapped and the visibility along our measurement axis
returns. This state control demonstrates the working
principle of our experiment: quantum erasure imprints
the interferometric phase between the Raman modes
onto the nonlocal state shared between the two spins.
In Fig. 4 we compare our results with entanglement
rates and state fidelities reported thus far for distant
qubits using projection-by-measurement protocols.
Figure 4(a) shows the Bell-state fidelities vs. the entan-
glement generation rate for atomic qubits [11–13, 40, 41],
NV centers [8, 14, 42], superconducting qubits [16] and
QD hole spins [15] along with our results. At 7.3 kHz,
we are reporting the fastest distribution of entanglement
between distant qubits in any system. Not requiring
intermittent cooling or reloading steps, our protocol
operates continually at a 10.9-MHz attempt rate. Figure
4(b) compares the success probability, whih factors
out the intrinsic timescales of each physical system
and the specific requirements of each control sequence.
The single-photon protocol we use allows for a success
probability of 6.7 × 10−4, the highest reported for
optical-frequency qubits. In particular, our demon-
stration benefits from superconducting nanowire single
photon detectors with a detection efficiency of ∼80% at
the 968 nm, contributing to an overall average photon
detection efficiency of ∼1%. The success probability
of the single-photon scheme is intimately linked to the
Bell-state fidelity. The dashed red curves in Fig. 4
project our state fidelity over different entanglement
generation rates (a) and generation probability (b),
establishing the reach of our experimental protocol.
Reducing double spin-flip events would increase the
fidelity at the expense of lower scattering probabilities,
accounting for the intrinsic and technical limitations
discussed earlier, until we reach the ≈ 1-Hz detector
dark count rate where false heralds dominate.
In this work, we demonstrate optically generated
quantum entanglement between two confined electron
spins. In order to use this probabilistic scheme in
computational protocols, a herald is necessary to allow
a repeat-until-success approach. Owing to the short
ensemble dephasing time of the electron spins, we apply
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FIG. 4. (Color online) Comparison of the measured fidelity
and entanglement-generation rate (a) or generation proba-
bility (b) between the electron spins in this work and other
physical systems. The indices denote the reference of the
work from which the figures were extracted. The shaded re-
gions mark the distribution protocol used, either single- or
two-photon detection state projection (yellow and blue, re-
spectively). We note our quoted fidelity is not corrected for
our imperfect state retrieval.
the spin read-out sequence before the Raman photon
reaches the detector. Local decoupling operations would
preserve the coherence of the joint quantum state beyond
the required propagation time of the state-heralding
photon (≈100 ns in our system) [21–23]. In order
to extend to multiple nodes and realize fault-tolerant
operation, we require both distribution rates within
the storage time of the entangled state and additional
memory qubits. Using current state-of-the-art light-
collection strategies [43, 44], the entanglement rate
could be improved to 130 kHz. This rate approaches the
inverse of electron-spin coherence times in self-assembled
QDs [21, 23, 45], a crucial benchmark for fault tolerant
scalability [46]. With further improvement of this rate,
the second spin of a QD-molecule [47] could be utilized
as a memory qubit. Alternatively, hybrid structures
constituting systems with long coherence times, such
as electrostatically defined QDs [48] could surpass this
threshold.
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